IN THE UNITED STATES PATENT AND TRADEMARK OFFICE 



In re the Application of: TI-36709 

Gerard Chauvel, et al. Art Unit: 2 1 86 

Serial No: 10/631,196 Examiner: 

Filed: July 31, 2003 Conf.No.: 2165 

For: Saturated Arithmetic in a Processing Unit 



TRANSMITTAL LETTER ACCOMPANYING CERTIFIED COPY OF 
PRIORITY APPLICATION UNDER 35 U.S.C. S119 



Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 



MAILING CERTIFICATE UNDER 37 C.F.R. §1.8(a) 
I hereby certify that the above correspondence is being deposited with 
the U.S. Postal Service as First Class Mail in an envelope addressed 
to: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313- 
1450, on March 12, 2004. 



Robin E. Bamum 



Dear Sir: 



Submitted herewith is a certified copy of European Patent Application No. 03291929.2 
(TI-36709EP), filed on July 30, 2003, in the European Patent Office and from which priority 
under 35 U.S.C. §119 is claimed for the above-identified application. 



Respectfully submitted, 

Robert D. Marshall, Jr. 
Attorney for Applicant 
Reg. No. 28,527 

Texas Instruments Incorporated 
P.O. Box 655474, MS 3999 
Dallas, TX 75265 
(972)917-5290 



V V 




Europaisches 
Patentamt 



European 
Patent Office 



Office europeen 
des brevets 



3> 



Bescheinigung Certificate 



Attestation 



Die angehefteten Unterla- 
gen stimmen mit der 
ursprunglich eingereichten 
Fassung der auf dem nach- 
sten Blatt bezeichneten 
europaischen Patentanmel- 
dung uberein. 



The attached documents Les documents fixes a 
are exact copies of the cette attestation sont 
European patent application conformes a la version 
described on the following initialement deposee de 
page, as originally filed. la demande de brevet 

europeen specif iee a la 
page suivante. 



Patentanmeldung Nr. Patent application No. Demande de brevet n° 

03291929.2 



Der President des Europaischen Patentamts; 
Im Auftrag 

For the President of the European Patent Office 

Le President de I'Office europeen des brevets 
p.o. 



R C van Dijk 



EPA/EPO/OEB Form 1014.1 - 02.2000 7001014 



Europaisches European Office europeen 

Patentamt Patent Office des brevets 



Anme "Idung Nr: Anmeldetag: 

Application no. : 03291929.2 Date of filing: 30.07.03 

Demande no: Date de depot: 



Anmelder/Appl 1cant( s)/Demandeur( s) : 

Texas Instruments Incorporated 

7839 Churchill Way, 

Mail Station 3999 

Dallas, 

Texas 75251 

ETATS-UNIS D 1 AMERIQUE 

Texas Instruments France 

Avenue Bel Air BP5 

06271 Villeneuve Loubet Cedex, 

Nice 

FRANCE 



Bezelchnung der Erf 1 ndung/Tl tl e of the 1nvent1on/T1 tre de T Invention: 
(Falls die Bezelchnung der Erflndung nlcht angegeben 1st, slehe Beschrel bung. 
If no title 1s shown please refer to the description. 
S1 aucun tltre n'est 1nd1qu6 se referer a la description.) 

Saturated arithmetic in a processing unit 



In Anspruch genommene Prlorlat(en) / Priori ty( 1es) claimed /Pr1or1t6(s) 
revend1qu€e( s) 

Staat/Tag/Aktenze1chen/State/Date/Flle no. /Pays/Da te/Nume>o de d£pot: 



Internationale Patentklassl f 1 katlon/Internatlonal Patent Classification/ 
Classification Internationale des brevets: 

G06F7/00 



Am Anmeldetag benannte Vertrag staa ten/Con tractl ng states designated at date of 
flUng/Etats contractants d€s1gn€es lors du depot: 

AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HU IE IT LU MC NL 
PT RO SE SI SK TR LI 



03291929.2 

EPA/EP0/0EB Form 1014.2 - 01.2000 7001014 



2 



i 

I 

3 

i 




TI-36709 EP 



1 



SATURATED ARITHMETIC IN A 
PROCESSING UNIT 

The present invention relates generally to performing saturated 
arithmetic in a processing unit. 

Background Information 

Saturated arithmetic operations are of increasing importance to 
numerous types of processing applications such as fixed-point 
algorithms used for media and signal processing applications. 
Typically, these applications are computationally intensive, 
executing millions of saturated operations in a second. Unlike 
a standard arithmetic operation, saturated arithmetic operations 
are designed to effectively handle instances in which 
computations overflow or underflow the data type (e.g., 4 -bit 
twos complement) of the operation. For exemplary purposes, 
consider the unsigned 4 -bit binary addition computation below. 
The computation , on the left is performed with an unsaturated 
addition operation, and the computation on the right is performed 
with a saturated addition operation: 

Unsaturated Example Saturated Example 

1101 1101 

+ 1110 +1110 
(1) 1011 (Overflow) 1111 

The result of the unsaturated operation produces an overflow 
(i.e., the correct answer cannot fit into a four bit unsigned 
data structure) . However, the saturated operation produces the 
highest possible value of a four bit unsigned data structure 
(i.e., 1111). Instead of producing an overflow, a saturated 
operation "saturates" the result to a maximum (or minimum) 
possible value. More specifically, when the computation produces 
a result larger than the maximum value, the maximum value becomes 
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the result of the saturated operation. Conversely, when the 
computation produces a result smaller than the minimum value, the 
minimum value becomes the result of the saturated operation. 
Typically, saturated arithmetic operations are incorporated into 
the instruction set by adding unique saturated arithmetic 
instructions. For example, an instruction set may include 
saturated and unsaturated versions of an integer addition 
instruction (I ADD) . Low-level code (e.g., assembly code) may 
directly use these saturated instructions to perform saturated 
operations. However, a compiler that compiles high-level code 
(e.g., Java, C) may be unaware of the saturated instructions in 
the instruction set. Therefore, a modified compiler may be 
needed to compile high-level code to object code that utilizes 
the saturated instructions. The ability to perform saturated 
arithmetic while avoiding the problems and complications 
associated with modifying an instruction set is desirable. 

BRIEF SUMMARY OF THE INVENTION 

In some embodiments a system comprises an overflow control bit, a 
programmable saturation control bit, a processing unit, and a 
saturation unit coupled to the processing unit. A selection 

unit may select the output of the processing unit or the output 
of the saturation unit based on the state of the saturation 
control bit. Further, the saturation control unit may output a 
saturated or unsaturated value based on the overflow control bit. 
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NOTATION AND NOMENCLATURE 

Certain terms are used throughout the following description and 
claims to refer to particular system components. As one skilled 
in the art will appreciate, various companies may refer to a 
component by different names. This document does not intend to 
distinguish between components that differ in name but not 
function. In the following discussion and in the claims, the 
terms "including" and "comprising" are used in an open-ended 
fashion, and thus should be interpreted to mean "including, but 
not limited to...." Also, the term "couple" or "couples" is 
intended to mean either an indirect or direct connection. Thus, 
if a first device couples to a second device, that connection may 
be through a direct connection, or through an indirect connection 
via other devices and connections. The term "system" is used to 
refer to a collection of components. For example, a system may 
comprise a processor and memory and other components. A system 
also may comprise a collection of components internal to a single 
processor and, as such, a processor may be referred to as a 
system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a more detailed description of the preferred embodiments of 
the present invention, reference will now be made to the 
accompanying drawings, wherein: 

Figure 1 shows a diagram of a processor in accordance with 
preferred embodiments of the invention; and 

Figure 2 shows a timing diagram of saturated arithmetic 
operation in accordance with preferred embodiments of the 
invention. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

The following discussion is directed to various embodiments of 
the invention. Although one or more of these embodiments may be 
preferred, the embodiments disclosed should not be interpreted 
or otherwise used, as limiting the scope of the disclosure,' 
including the claims, unless otherwise specified. m addition 
one skilled in the art will understand that the following 
description has broad application, and the discussion of any 
embodiment is meant only to be exemplary of that embodiment, and 
not intended to intimate that the scope of the disclosure, 
including the claims, is limited to that embodiment, 
in accordance with the preferred embodiment, saturated 
instructions are not added to the instruction set of the 
processor. instead, a processor can be selectively configured 
for execution of saturated or non-saturated operations as 
discussed below. 

Figure 1 shows an exemplary block diagram of a processor 100. As 
shown, the processor 100 includes a plurality of registers 102, 
an arithmetic logic unit ("ALU") 104, a multiplier 106 a 
saturation unit 108, and a control register 110. Although 'not 

explicitly shown, these components preferably reside in the 
-core" of processor 100. In addition, processor 100 may include 
other components such as a decode logic, an instruction fetch 
logic, an address generation unit, and a multiply and accumulate 
unit. Further, different architectures besides that shown in 
Figure 1 are possible. 

An operation may begin by retrieving operands from the registers 
102 and processing the operands to ALU 104. Alternatively 
operands to ALU 104 may be retrieved from external memory and/or 
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a data storage unit (not specifically shown) . After 
processing, the output of ALU 104 is sent to saturation unit 108 
and multiplexer 106. The multiplexer 106 preferably selects one 
of its two inputs to store into registers 102. The first input of 
the multiplexer 10 6 is the unsaturated output of the ALU 104 and 
the second input is the saturated output of the saturation unit 
108. The input selected by multiplexer 106 is stored into 
registers 102 and becomes the result of the operation. 
Control register 110 may be one of the registers 102 and 
comprises a plurality of fields including at least two fields 112 
and 114 that are useful to control the operation of saturation 
unit 108 and multiplexer 106. An "overflow flag" field 112 
(OVFW) indicates whether an overflow (or underflow) occurred in 
the operation performed by the ALU 104. The overflow flag 112 is 
controlled by the ALU 104 and is preferably set when the ALU 104 
detects an overflow in the operation being performed. A 
"saturation control flag" field 114 enables and disables the 
saturation functionality described herein. When enabled, the 
saturation control flag 114 causes arithmetic instructions to 
produce saturated results. When disabled, the saturation control 
flag 114 causes arithmetic instructions to produce unsaturated 
results. The saturation control flag 114 thus can be used to 
selectively configure the processor 100 for saturated or 
unsaturated operands, thereby avoiding the need to have saturated 
and unsaturated versions of various instructions. An application 
programming interface (API) may be used to set the state (i.e., 
enabled or disabled) of the saturation control flag 114. The 
saturation control flag 114 may also be set by the compiler 
through a specific pragma, or comment line in the high-level 
code, or directly set in an assembly language macro that is 
instantiated in the high-level code. 
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Saturation unit 108 preferably receives the output of ALU 104 
and performs a saturation process on this output. The saturation 
process effectively saturates an input to the highest (or lowest) 
possible value the data type will allow if the overflow flag 112 
indicates that the operation performed by ALU 104 produced an 
overflow (or underflow). if no overflow/underflow conditions 
exist, the saturation unit 108 outputs the same value that was 
received as an input to the saturation unit. Thus, if an 
overflow/underflow does not occur, saturation unit 108 outputs 
the value it received from ALU 104. 

Since the instruction set of processor 100 may not contain 
saturated arithmetic instructions, a program developer may call a 
function within the API to perform saturated operations if 
desired. Alternatively, saturated operations may be performed 
after the compiler sets the saturation control flag 114 through a 
specific pragma, or comment line in the high-level code, or the 
saturation control flag 114 is directly set in an assembly 
language macro that is instantiated in the high-level code. 
The function that allows saturated arithmetic to be performed may 
be referred to as a "saturation control function". Based upon 
the saturation control flag 114, multiplexer 106 may select 
either the output of saturation unit 108 or the output of ALU 104 
to store in registers 102. When a program developer desires to 
use a saturated arithmetic operation, the saturation control 
function preferably is executed to enable the saturation control 
flag 114. After the saturation control flag 114 has been 
enabled, multiplexer 106 will select the output from saturation 
unit 108 as the result of the operation to store into registers 
102. Similarly, when a developer desires to use an unsaturated 
arithmetic operation, the saturation control function preferably 
is executed to disable the saturation control flag 114 
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Disabling the saturation control flag 114 causes the multiplexer 

106 to select the output of ALU 104 to be stored in registers 

102. The saturation control flag 114 preferably remains in its 

programmed state until reprogrammed through the saturation 

control function, thereby permitting extended sequences of 

instructions to be executed with or without saturated arithmetic. 

Figure 2 shows an exemplary timing diagram of a saturated 

addition operation. Four cycles of a CPU clock 200 associated 

with processor 100 are shown to aid in the discussion. 

Typically,, all unsaturated arithmetic instructions (e.g., 

addition, subtraction) require one execution cycle. However, a 

multiply and accumulate (MAC) unit may require two execution 

cycles to execute a multiply instruction. As shown in Figure 2, 

two multiply instructions 202 and 204 may be executed 

consecutively in a MAC unit. In parallel with the second 

multiply instruction 204, a saturated addition may be performed. 

As explained below, figure 2 illustrates that, in some 

situations, saturated operations may not introduce extra latency. 

In accordance with the preferred embodiment, while saturation 

control bit 114 is enabled, all arithmetic instructions require 

one additional execution cycle. During the first cycle 210, ALU 

104 preferably performs the unsaturated ADD instruction 206 

contained within the instruction set of processor 100. If an 

overflow/underflow occurs while performing this instruction, the 

overflow flag 112 accordingly may be updated by the ALU 104 

during this first cycle 210. During the second cycle 212, the 

saturation process 208 (SAT) preferably occurs via the operation 

of the saturation unit 18, which accepts an unsaturated input 

from ALU 104 and produces a saturated output. If the overflow 

flag 112 indicates that an overflow/underflow occurred in ALU 104 

during cycle 210, the saturation process saturates the input. If 
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the overflow flag 112 indicates that an overflow/underflow did 
not occur in ALU 104, the output from the saturation unit 108 is 
made identical to the input (not saturated) . 

To perform unsaturated arithmetic operations, saturation control 
bit 114 is disabled by action of the saturation control function. 
While the processor 100 is in unsaturated mode,, the multiplexer 
106 selects the unsaturated output of ALU 104 as the result of 
operations and ignores the output of the saturation unit 108. 
Although ALU 104 is used in the preferred embodiment, any 
suitable type of processing unit (e.g., a multiplier and 
accumulate unit) similarly may be used as input to the saturation 
unit 108, thereby allowing other saturated operations to occur, 
such as left shifts. 

While the preferred embodiments of the present invention have 
been shown and described, modifications thereof can be made by 
one skilled in the art without departing from the spirit and 
teachings of the invention. The embodiments described herein are 
exemplary only, and are not intended to be limiting. Many 
variations and modifications of the invention disclosed herein 
are possible and are within the scope of the invention. 
Accordingly, the scope of protection is not limited by the 
description set out above. Each and every claim is incorporated 
into the specification as an embodiment of the present invention. 
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What is claimed is: 

1. A processor, comprising: 

an overflow/underflow control bit; 

a programmable saturation control bit; 

a processing unit that produces an unsaturated output; 

a saturation unit coupled to the processing unit and that 
produces an output that is saturated when the 
overflow/underflow control bit is set indicating the 
occurrence of an underflow or overflow condition; and 

a selection unit that receives the outputs from the 
processing and saturation units and selects one of the 
two outputs as an output from the selection unit based 
on the state of the saturation control bit. 

2 The processor of claim 1 wherein the saturation unit forces 
the saturated output to be a maximum value if an overflow occurs 
in the processing unit. 

3 The processor of claim 1 wherein the saturation unit forces 
the saturated output to be a minimum value if an underflow 
occurs in the processing unit. 

4 The processor of claim 1, claim 2 or claim 3 . wherein the 
saturation control bit is programmed through an application 
programming interface . 

5. The processor of claim 1, claim 2 or claim 3 wherein the 
saturation control bit is programmed through an assembly language 
macro that is instantiated in high-level code. 
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6. The processor of any preceding claim wherein the 
saturation control remains set for multiple instructions. 

7. A method for performing saturated arithmetic, comprising: 
receiving an unsaturated output from a processing unit; 
processing the unsaturated output to produce a saturated 

output based upon the state of an overflow/underflow 
control bit that indicates whether an overflow or 
underflow condition has occurred; and 
selecting between the saturated output and unsaturated 
output based on the state of a programmable saturation 
control bit. 

8. The method of claim 7 wherein the saturation control bit is 
programmed through an application programming interface to cause 
either saturated or non-saturated operations to be performed. 

9. The method of claim 7 or claim 8 wherein processing the 
unsaturated output comprises forcing the saturated output to be 
a maximum value if an overflow occurs in the processing unit. 

10. The method of claim 7, claim 8 or claim 9 wherein 
processing the unsaturated output comprises forcing the 
saturated output to be a minimum value if an underflow occurs in 
the processing unit. 
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SATURATED ARITHMETIC IN A 
PROCESSING UNIT 

ABSTRACT OF THE DISCLOSURE 

In some embodiments a system comprises an overflow control 
bit, a programmable saturation control bit, a processing unit, 
and a saturation unit coupled to the processing unit, A 
selection unit may select the output of the processing unit or 
the output of the saturation unit based on the state of /the 
saturation control bit. Further, the saturation control unit may 
output a saturated or unsaturated value based on the overflow 
control bit. 
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